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ABSTRACT: Ribosomes transform the genetic information encoded within
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genes into proteins. In recent years, there has been much progress in the study . .

of this complex molecular machine, but the mechanism of peptide bond
formation and the origin of the catalytic power of this ancient enzymatic
system are still an unsolved puzzle. A quantum-mechanical study of different
possible mechanisms of peptide synthesis in the ribosome has been carried out
using the M06-2X density functional. The uncatalyzed processes in solution
have been treated with the SMD solvation model. Concerted and two-step
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mechanisms have been explored. Three main points suggested in this work deserve to be deeply analyzed. First, no zwitterionic
intermediates are found when the process takes place in the ribosome. Second, the proton shuttle mechanism is suggested to be
efficient only through the participation of the A2451 2"-OH and two crystallographic water molecules. Finally, the mechanisms in
solution and in the ribosome are very different, and this difference may help us to understand the origin of the efficient catalytic

role played by the ribosome.

B INTRODUCTION

Ribosomes transform the genetic information encoded within
genes into proteins.' > An important advance in the study of
this complex molecular machine was reached when crystal
structures of the two ribosomal subunits at high resolution
(24-3.0 A)*° and the complete ribosome at 5.5 A’ were
obtained. The largest subunit contains the peptidyl transferase
center (PTC), which catalyzes the formation of peptide bonds
in the growing polypeptide. Since there are no protein side-
chain atoms closer than 18 A to the peptide bond, this implies
that the peptidyl transferase (PT) reaction is catalyzed by RNA
and, thus, that the ribosome itself acts as a ribozyme.*® Despite
the great progress in the study of the ribosome function in the
synthesis of proteins, the mechanism of the process and the
origin of the catalytic power of this ancient enzyme are still an
unsolved puzzle.

When peptidyl transfer is studied using native substrates, the
rate of peptide bond formation is determined by the preceding
rate-limiting step of aa-tRNA binding to the A site
(accommodation), which is relatively slow. Given that the
intrinsic rate of peptide bond formation is much faster than
that, moderate changes in the rate of the chemical step are
likely to be obscured by the slow binding step. For this reason,
substrate analogues, such as puromycin, which do not need to
accommodate, are used.'”'" Resolution of the structures of A
and P site substrate and product analogues as well as an
intermediate analogue has been refined.'>"” Stabilization of the
transition state (TS) of the PT reaction by the ribosome might
contribute to catalysis. This possibility has been examined using
analogues in which a phosphate diester mimics the tetrahedral
TS that occurs during the peptide bond formation."*"
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One suggested mechanism is that the nucleophilic @-amino
group of an aminoacyl-tRNA bound to the A site of the PTC
attacks the electrophilic carbonyl carbon of the ester bond
linking the peptide moiety to the P-site of tRNA. The resulting
charged tetrahedral carbon intermediate (Scheme 1) would be

Scheme 1. Zwitterionic Intermediate
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stabilized by the interaction with a water molecule which is
positioned by two nucleotides.'”” Then, the intermediate
rearranges and decomposes to yield deacylated tRNA in the
P site and peptidyl-tRNA that is Ion%er by one amino acid in
the A site. However, a recent paper 6 argues on the basis of
experimental data that the stabilization of the transition
structure by the water molecule is quite small.

An alternative mechanism states that the peptide synthesis
takes place through general acid—base catalysis, the N3 of
A2451 acting as a general base.!”™%° However, more recent
studies show that this mechanism can be disregarded.”' >

It has been proposed that proton shuttling through one group
of the ribosome could also take place through a group of the
substrate itself. In particular, the A76 2"-OH of the peptidyl-tRNA
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is hydrogen-bonded to the @-amino group and could facilitate
peptide bond formation by acting as a proton shuttle between
the a-amino group and the A76 3"-hydroxyl of the peptidyl-
tRNA'>2*72° (Scheme 2b). Green and Strobel* reported

Scheme 2. Transition States of the Proposed Concerted
Mechanisms: (a) Four-Membered Ring Cycle, (b) Six-
Membered Ring Cycle, and (c) Eight-Membered Ring Cycle
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experimental evidence of the participation of the substrate itself
in the catalytic process. They showed that substitution of the P-
site tRNA A76 2-OH with 2"-H or 2"-F results in at least a 10°-
fold reduction in the rate of peptide bond formation, but does
not affect binding of the modified substrates. So, they conclude
that substrate-assisted catalysis, although quite uncommon
among modern protein enzymes, is essential for the evolution
of enzymatic function, and they suggest that substrate
assistance is retained as a catalytic strategy during the evolution
of the prebiotic PTC into the modern ribosome. This proton
shuttle mechanism was questioned by Sprinzl’s group.>"** In a
more recent paper, Green and Strobel’s group™ reinvestigated
the kinetic contribution of the 2-OH group to the catalysis and
found that it is significantly smaller (~100-fold). These new
findings reconcile the conflict in the literature and support a
model where interactions between active site residues and the
2"-OH are pivotal in orienting substrates in the active site for
optimal catalysis.

According to Schmeing et al,,'* several catalytic pathways can
be envisaged. The a-amino group could nucleophilically attack
the ester carbon, forming a zwitterion intermediate, which
could break down by the transfer of a H atom from the amino
group to the 2-hydroxyl in concert with its hydrogen being
passed to the 3“-hydroxyl leaving group. Alternatively, a
concerted mechanism is possible. Finally, the proton shuttle
from the attacking a-amino group via the 2"-hydroxyl to the 3"-
hydroxyl could include the water molecule that is simulta-
neously hydrogen-bonded to the 2"-hydroxyl as an acceptor and
the 3"-hydroxyl oxygen as a donor (Scheme 2c).

A second 2-OH group was identified to be crucial for
peptide bond formation, namely that of A2451. Interestingly,
removal of the entire nucleobase of A2451 nucleotide, leaving
the sugar—phosphate backbone intact, does not significantly
impair the rate of peptide bond formation. In contrast, the 2"
OH of A2451 was shown to be of potential functional
importance.**>® The question of cooperation between the two
essential 2-OH groups during peptide bond formation
remained to be clarified. Lang et al.** showed that the ribose
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of the A76 residue of the P-tRNA is kept, due to the interaction
with the 2-OH of A2451, in its RNA-unfavorable C2-endo
configuration, which is important for the proton shuttle
(Scheme 2b).

Bronsted linear free energy relationships with slopes close to
zero for the PT reaction between the a-amino nucleophile with
a series of puromycin derivatives indicate*®*' that, in the
ribosome-catalyzed reaction, the nucleophile is neutral at the
TS, in contrast to the substantial positive charge reported for
typical uncatalyzed aminolysis reactions. This suggests that the
ribosomal TS involves deprotonation to a degree commensu-
rate with nitrogen—carbon bond formation. The observation of
a normal effect for "°N substitution of the incoming nucleophile
and the fact that it does not change as a function of pH suggest
that the nitrogen is being deprotonated simultaneously with the
formation of the C—N bond, confirming that the ribosome
promotes peptide bond formation by a mechanism that differs in
its details from an uncatalyzed aminolysis reaction in solution.*”**
The same conclusion is reached when kinetic isotopes effects of
several atoms are measured for the uncatalyzed® and the ribosome-
catalyzed** reaction. Finally, solvent isotope effects and proton
inventories indicate that the rate-limiting step is the formation
of three hydrogen bonds with about equal contributions, this
fact being consistent with a concerted eight-membered proton
shuttle in the TS.*

To determine the effectiveness of the ribosome as a catalyst,
several kinetic studies were carried out.**”>' They showed that,
in contrast with most protein enzymes, the enthalpy of
activation is slightly less favorable on the ribosome than in
solution. The 2 X 10”-fold rate enhancement produced by the
ribosome is achieved entirely by lowering the entropy of
activation. This suggests that the ribosome promotes the
reaction of the amino acid condensation by properly orienting
the reaction substrates.”>** So, the ribosome acts as an entropic
trap>* that draws its catalytic power from the ability to orient
and position substrates.

To explore the different possible mechanistic alternatives for
the ribosomal peptidyl transfer reaction, several authors®>~>®
carried out extensive molecular dynamics (MD) free energy
calculations by using the Warshel’s empirical valence bond
(EVB) method.” They found that a significant part of the
observed activation entropy of the reference solution reaction is
due to solvation entropy, and that the proximity effect is
smaller than previously thought. Trobro and Aqvist’®® stated
that catalysis is mainly achieved through a stable network of
hydrogen bonds to the reactants that reduces the reorganiza-
tion energy and the activation entropy of the reaction. This
predicted hydrogen-bonding network, including positions of
key solvent molecules and the stereochemical route of the
peptidyl transfer reaction, was verified in crystal structures with
TS analogues."

The mechanism of protein synthesis in the ribosome has also
been the subject of several quantum-mechanical (QM)
studies.”*”®” These studies obviously imply the use of a
reduced model for the system. The pioneering work was that of
Das et al.®® in which semiempirical methods were used to study
the energetics for the formation of a cyclic intermediate; the
authors concluded that the peptide bond formation through the
tetrahedral intermediate in S configuration may not need
assistance from any outside agent, like an enzyme. In a second
work, Suarez et al,®! using DFT at the B3LYP level, gave
support to the idea that the activated nucleotide A2451 in the
ribosome acts as a base catalyst and that its role is similar to
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that of the His residue in the catalytic triad of serine proteases.
In more recent papers, Yonath's group studied®®® the attack of
the a-NH, group to the ester carbon, which is accompanied by
the transfer of a proton from NH, to the O3’ oxygen (Scheme 2a)
for a reduced model with 50 atoms at the B3LYP level. They
showed that the four-ring cyclic TS is formed with a simultaneous
rotation which enables the translocation of the A-site tRNA 3’ end
into the P site. The calculated activation energy is 35.5 kcal/mol,
and the increase in hydrogen bonding between the rotating A-site
tRNA and ribosome nucleotides stabilizes the TS by a value of
~18 kcal/mol. In this mechanism, the 2-OH is not involved in
proton transfer, its role beiné to act as an anchor to hold the
reactant. Thirumoorthy et al.”" found that the energy barrier for
this anchoring mechanism is ~2 kcal/mol lower than the one
corresponding to the shuttle mechanism at the HF/3-21G level of
theory.

Recently, Wallin et al.” studied the shuttle mechanism with
the formation of six- and eight-membered rings at the B3LYP
level. They started from representative snapshots of their
previous MD simulations to localize the corresponding TSs.
The calculated activation enthalpies, as well as the structures,
are in good agreement with experimental data and point to the
feasibility of an eight-membered “double proton shuttle”
mechanism (Scheme 2c), in which an auxiliary water molecule
actively participates. A second conserved water molecule is
found to be of key importance for stabilizing the developing
negative charge on the substrate oxyanion. Transition states
calculated for both six- and eight-membered rings are invariably
late and do not involve substantial charge development in the
attacking amino group. One can conclude that the rRNA is
folded in a rather inert structure that does not directly
participate in the chemistry, but it provides key interactions to
those groups that are directly involved in the reaction. It might
seem surprising that the only active groups are the A2451 2"
OH and two “trapped” water molecules.

Wang et al, % following an idea of Rangelov et al,” carried
out a B3LYP study of a two-step mechanism (Scheme 3) in
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Scheme 3. Two-Step Mechanism: (a) First Transition State,
(b) Intermediate, and (c) Second Transition State
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which the A76 2-OH group transfers one proton to the
carbonyl O atom while, simultaneously, it receives one proton
from the a-NH, group (Scheme 3a). Protonation of the
carbonyl oxygen neutralizes the negative charge of the
oxyanion, leading to a neutral intermediate (Scheme 3b). In
a second step, the proton is transferred to the O3’ leaving
group (Scheme 3c). The energy barrier of the first step
amounts to 24.0 kcal/mol. The TS is a six-membered ring, as
in one of the shuttle mechanisms, but involving a different O
atom. In the second step, the intermediate decomposes to
products through an energy barrier of 13.1 kcal/mol via a
four-membered ring TS.
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The above-mentioned QM studies have been done with
different methods and different basis sets. The purpose of this
paper is to carry out a more complete study of the proposed
mechanisms of peptide synthesis in the ribosome using a more
recent DFT functional and a larger basis set, overcoming some
of the limitations of previous works. The use of a common
method in all mechanisms will allow us to make a more reliable
comparative study of them.

B COMPUTATIONAL METHODS

As mentioned above, the QM study of a complex system implies the
use of a reduced model. Scheme 4 shows the model which is adopted

Scheme 4. Schematic Drawing Showing the Reactants in the
Nucleophilic Attack of the Amino Group of Aminoacyl
tRNA at the A-Site on the Carbonyl Group of the Ester
Formed between the Peptide Chain and tRNA at the P-Site”
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“This numbering of the atoms will be used throughout the paper.

in this work. Our model includes all the atoms that intervene in the
different proposed mechanisms. The main simplifications we did can
be summarized as follows. The atom CS’, which in the real system is
bonded to the O atom of a phosphate in the RNA main chain, is
represented by a methyl group. The base bonded to the Cl1’ is
modeled by a H atom. The methyl groups C3 and CS act as a model of
the lateral chain of an amino acid. In the amino group N1, one of the
H atoms takes the place of a polypeptide chain. Finally, the C7 methyl
group models the ribose of tRNA at the A-site. Only the three H
atoms which intervene in the process are explicitly shown and
numerated. When necessary, the 2-OH of A2451 and the two trapped
water molecules mentioned in the Introduction will be explicitly
considered in the philosophz of the theozymes (theoretical enzymes)
proposed by Tantillo et al.®

The strategy we adopted to study the process is the following. We
started from reasonable structures of the four-, six-, and eight-
membered rings of the proposed TSs, and we optimized the rest of the
geometry parameters. From these structures, we located the TSs. For
each TS the intrinsic reaction coordinate® (IRC) was calculated. The
final points of each reaction path are used to fully characterize the
reactant and product complexes associated with each TS. Finally, the
isolated reactants and products are optimized.

In past years, the B3LYP functional’® has been usually employed,
although it is not suitable for large systems, in which dispersion energy
plays an important role. To solve this inconsistency, we decided to use
the M06-2X functional proposed by Truhlar’s group,”"”> a highly
parametrized metahybrid method which has shown to be very
adequate for the study of non-covalent interactions, especially
hydrogen bonds. Several authors emphasized the good performance
of this functional in the study of different thermochemistry and
kinetics problems and non-covalent interactions when comparing their
results to those in benchmark databases.”>”®' Single-point MP2
calculations were also carried out for all the stationary points. All the
calculations were done using the triple-{ 6-311+G(d,p) basis set.
Truhlar®~** showed that this basis set is very adequate when using the
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Table 1. Summary of Energies (kcal/mol) at the M06-2X/6-311+G(d,p) Level of Calculation for the One-Step Mechanisms®

TS
R
RC
mechanism energy R RC

1-4 AE 0.0 —6.65
(-7.39)

AH 0.0 —4.86

AG 0.0 7.15

1-6 AE 0.0 —8.95
(-9.13)

AH 0.0 —7.18

AG 0.0 5.03

1-8 AE 0.0 —-10.42
(~10.61)

AH 0.0 —8.31

AG 0.0 S5.14

I-6wm AE 0.0 —16.25
(-16.29)

AH 0.0 —14.64

AG 0.0 —1.52

I-wwm AE 0.0 —-9.94
(-9.69)

AH 0.0 —8.22

AG 0.0 5.09

P
PC
TS PC P
30.11 —1543 -2.93
(25.83) (~16.06) (—246)
28.51 —13.93 -2.52
42.82 -125 -1.61
33.30 -1628 —-5.26
(26.76) (-16.81) (—4.99)
30.36 —14.69 —5.29
46.50 -2.36 —6.05
24.57 —-16.83 -5.01
(21.06) (~17.80) (-3.96)
22.68 —14.93 —4.56
3841 —-1.76 —426
28.09 —2522 -2.10
(21.85) (—25.87) (-1.81)
25.71 —23.27 -2.13
43.70 —821 -3.25
21.93 —9.64 6.69
(17.91) (-11.32) (6.50)
19.91 —8.28 621
36.53 3.94 2.13

“Values in parentheses correspond to the MP2/6-31 1+G(d,p) //M06-2X/6-31 1+G(d,p) level of calculation.

MO06-2X functional and that the inclusion of additional diffuse
functions is not necessary.

Introduction of the solvent effect was carried out using the SMD
method of Marenich et al.*> SMD is a universal solvation model, where
“universal” denotes its applicability to any charged or uncharged solute
in any solvent or liquid medium for which a few key descriptors
are known. In SMD, “D” stands for “density” to denote that the full
solute electron density is used without defining partial atomic charges,
as was the case in the previous SM8 method.*® The SMD model separates
the observable solvation free energy into two components: (i) the long-
range bulk electrostatic contribution arising from a self-consistent
reaction field treatment that involves solution of the nonhomogeneous
Poisson equation for electrostatics in terms of the integral equation-
formalism polarizable continuum model, and (ii) the cavity dispersion—
solvent structure term, which arises from short-range interactions
between the solute and solvent molecules in the first solvation shell.

Thermochemical corrections to the energy values were computed
using the standard rigid rotor/harmonic oscillator formulas.?” Relative
Gibbs energies in solution were computed using as the reference state
1 mol L™" at a temperature of 298.15 K.

All QM calculations were performed through the Gaussian 09
package,®® and the stationary points were fully characterized. Full
Natural Bond Orbital analysis was carried out with NBO version 3.%
Finally, the conformational analysis of the sugar ring in nucleosides
was described using the concept of pseudorotation.”

B RESULTS

As stated in the Introduction, two different kinds of mechanisms
are proposed in QM calculations: one-step mechanisms (denoted
as I) and two-step mechanisms through an intermediate (denoted
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as IT). We first present the results corresponding to the one-step
mechanisms. In each case, the energy values, the geometry
parameters of the stationary points, and the analysis of the charge
distribution are successively discussed.

One-Step Mechanisms. In the Ribosome. Table 1 shows
the variation, with respect to the isolated reactants (R), of the
potential energy, the enthalpy, and the Gibbs free energy
corresponding to the RC (RC), the transition state (TS), the
product complex (PC), and the isolated products (P) for each
of the five studied mechanisms. The optimizations were done
using the M06-2X functional. For each stationary point, MP2//
MO06-2X calculations were also done. The first three
mechanisms are depicted in Scheme 2: they proceed via a
four-membered ring cycle (Scheme 2a), a six-membered ring cycle
(Scheme 2b), and an eight-membered ring cycle (Scheme 2c).
These mechanisms will be hereafter named I1-4, I-6, and
I-8, respectively. In the case of the six-membered ring cycle, the
inclusion of a methanol molecule and a water molecule, which
form hydrogen bonds with the O2" and the O1 oxygen atoms,
respectively (see Schemes 2 and 4), was also considered
(mechanism I-6wm). The inclusion of a second water molecule
in the last mechanism was also studied (mechanism I-wwm). It
is worth mentioning that, in the case of the four-membered ring
cycle (mechanism I-4), anchoring of the reactant through the
formation of a hydrogen bond between the O2'—H1" hydroxyl

of the sugar and the carbonylic O2 atom of the nucleophile®>®®

dx.doi.org/10.1021/ja209558d | J. Am. Chem. Soc. 2012, 134, 5817—5831
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was not imposed since this constraint increases the energy
barrier by ~3 kcal/mol.

Regarding the energy barriers of the bimolecular processes,
one can observe that the one of mechanism I-6 (33.3 kcal/mol)
is ~3 kcal/mol higher than that of mechanism I-4 (30.1 keal/mol),
implying that the substrate-assisted catalysis is not working. In
contrast, the inclusion of one water molecule to permit the
formation of an eight-membered ring cycle (mechanism I-8) is
really efficient, the energy barrier (24.6 kcal/mol) decreasing
by ~5.5 kcal/mol with respect to that for the four-membered cycle
(and ~8.7 kcal/mol with respect to the six-membered one).
When a methanol molecule and a water molecule are added to
the six-membered ring mechanism I-6 (mechanism I-6wm),
the energy barrier (28.1 kcal/mol) decreases by ~5 kcal/mol
and becomes lower than the barrier for the mechanism I-4.
However, this lowering of the energy barrier is accompanied by
a large stabilization of the RC due to the formation of a
hydrogen bond between the C2' hydroxyl group of the sugar
and the nucleophilic N atom. This artificial stabilization of the
RC is avoided by the addition of a second water molecule
(mechanism I-wwm), which leads to an additional decrease of
the energy barrier (21.9 kcal/mol) by ~6.2 kcal/mol. The
activation enthalpy corresponding to the latter mechanism
(19.9 kcal/mol) agrees quite well with the experimental value
(17 kecal/mol) reported by Johansson et al>' This good
agreement is still better if one considers the MP2 barriers which
are lower than the MO06-2X ones, but keeping the ordering
unchanged. The Gibbs free energy barriers are 14—18 kcal/mol
higher than the enthalpy barrier, in good agreement with the
expected negative value of the entropy terms. However, it has
to be emphasized that most of this increase (between 11.5
and 13.5 kcal/mol) comes from the formation of the RC,
which implies the conversion of six translational and rotational
degrees of freedom into vibrations and pseudorotations. The
high value of the entropy term suggests that the free energy
of the RC is higher than that of the R, in such a way that this
complex would not be formed. This can be surprising since
the RC is expected to play the role of the Michaelis complex,
which, as is well known, is thermodynamically stable. As
we have used a simplified model, our results support the
idea that the real ribosome acts as an entropic trap that draws
its catalytic power from the ability to orient and position
substrates.>>>*

Figure 1 presents the geometries of the TSs corresponding to
the five mechanisms considered in Table 1. There are four
bond lengths which play an important role in all the studied
mechanisms: the breaking of the N2—H1 and C1-03’ bonds
and the formation of the N2—C1 and O3'—H bonds (see
Scheme 4 for the numbering of atoms). In the TSs of the mech-
anisms in the ribosome, the N2—HI1 bond length increases
from 1.02 A in R to values between 1.07 and 1.17 A, the
ordering of this bond length being exactly the same as that of
the energy barriers. The breaking of the N2—HI1 bond is
accompanied by the simultaneous bonding of N2 to the Cl
atom, the bond lengths ranging 1.51—1.58 A (the N2—C1 bond
length being 1.35—1.38 A in P). At the same time, the C1—03'
bond is breaking (its bond length having increased from 1.33—
1.35in R to 1.84—2.18 A in TS) and the O3’ atom bonds to a
H atom (its bond length lying in the range 1.12—1.42 A), while
the values in P are 0.96—0.97 A. Special attention should be
given to mechanism I-wwm, which differs from mechanism
I-6wm in a water molecule that makes the formation of an
eight-membered ring possible. Figure 1 shows that the located
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Figure 1. Transition structures for the five one-step mechanisms.
Relevant distances in A.

TS does not keep this eight-membered ring but, instead, two
rings are formed. The formation of the first ring permits the
activation of the O atom of the added water molecule as a
proton donor through the formation of three hydrogen bonds
between H2 and the O atom of the methanol molecule,
between the H of methanol and the O2’ of the sugar, and
between H1' and the O atom of the added water molecule,
which will transfer a proton to O3". The two hydrogen bonds
formed by the methanol molecule (which in our model
represents the role of the 2'-OH of the A2451 nucleotide) help
to correctly position the substrate as suggested by some authors
and confirmed by X-ray data."*****737 So, the 02’ atom does
not play a direct role in the transfer of the H1 atom linked to
N2 to O3, this transfer being done through the added water
molecule in the six-membered ring. In contrast, in the TS of the
I-6wm mechanism, the A2451 2"-OH---H—NH hydrogen bond
is not formed, in good agreement with a too large distance in
the crystal structure of the PTC with TS analogues.®

The C1-01 bond length is ~1.21 A in all TSs. This value
corresponds to a typical double bond, so that a zwitterionic
mechanism, in which the C1-0O1 bond would have a single-
bond character, can be excluded, even in the case of
mechanisms I-6wm and I-wwm, in which the presence of a
water molecule could favor the formation of a zwitterion.

dx.doi.org/10.1021/ja209558d | J. Am. Chem. Soc. 2012, 134, 5817—5831
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Table 2. Dipole Moment (g, in D), Charge Transfer (CT, in au) between Initial Reactants, Relevant Natural Charges (g, in au),
and, in Parentheses, Their Variation with Respect to the Reaction Complexes for the Transition States of One-Step Mechanisms

q
mechanism 7 CT N2 H1 03’ O1 (€]
I4 5.30 —0.45 —0.73 (0.13) 0.51(0.14) —0.84 (-0.22) —0.67 (—0.04)
I-6 6.57 —0.42 —0.73 (0.13) 0.49 (0.12) —0.75 (—0.14) —0.70 (—0.07)
I-8 5.53 —0.52 —0.75 (0.12) 0.51 (0.13) —0.83 (—0.20) —0.61 (0.01) —1.18 (-0.21)
I-6wm 7.61 —0.45 —0.72 (0.17) 0.49 (0.10) —0.73 (—0.16) —0.72 (—0.08)
I-wwm 6.01 —0.49 —0.77 (0.13) 0.51 (0.13) —0.80 (—0.19) —0.68 (—0.05) —1.16 (—0.20)

Table 3. Summary of Energies (kcal/mol) at the M06-2X/6-311+G(d,p) Level of Calculation for the Uncatalyzed I-4S and I-6S

Reactions”
TSz
1z
R
RC
mechanism energyb R RC TSz
1-4S AE’ 0.0 —6.26 6.21
(—7.86) (4.74)
AH' 0.0 —4.54 7.19
AG 0.0 5.94 19.67
I-6S AE’ 0.0 -5.18
(—6.52)
AH' 0.0 —3.18
AG 0.0 7.79

TS

P
PC
Iz TS PC P

5.61 24.63 ~14.66 —6.46
(4.15) (20.70) (~15.75) (=6.17)

7.74 25.42 -13.23 -6.35

21.28 38.06 -2.52 —-6.58

24.54 -15.05 —6.55
(21.01) (-16.74) (-6.02)

24.70 1343 —-6.33

37.68 -2.57 -5.76

“Values in parentheses correspond to the MP2/6-311+G(d,p)//M06-2X/6-311+G(d,p) level of calculation. “The values of E’ are calculated by
adding the terms of solvation free energy to the gas-phase PES. Thermodynamic corrections to obtain H' and G are computed in the modified

surface.

This is confirmed by the Wiberg bond indexes,”" which are
included in the Supporting Information, since their values for
the C1-O1 bond in the TSs vary from 1.63 in the I-6wm
mechanism to 1.78 in the I-8 mechanism, quite close to the values
in the RC (~1.75). In contrast, the breaking of the C1-03'
bond and simultaneous formation of the N2—C1 bond imply a
certain tetrahedral character of the geometry around Cl. To
confirm this, we computed the sum of the six bond angles
around Cl1, this sum being expected to be 657° in an sp’
hybridization scheme and 630° when the sp® hybridization of
the C1 atom is maintained while the attacking or leaving
groups are far away. We observed that the sum of the six angles
is ~630° in the RC and PC, while its ranges between 645° and
652° in the TS, the latter thus having a certain tetrahedral
character. The sign of the C3'‘O3'CIN2 dihedral angle in the
TS shows the side on which the attack is produced. In all the
TSs, this dihedral is negative, corresponding to an § chirality as
suggested by Schmeing et al."® Finally, to discuss the proposal
of Lang et al.* that was mentioned in the Introduction, the
pseudorotation angle P was computed.”® In the case of the
mechanism I-6wm, in which the role of the A2451 nucleotide is
modeled by a methanol molecule, one can observe that P
increases regularly from R to P, in such a way that R corresponds
to a C3’ endo conformation and P to a C2' endo one.

Table 2 presents the dipole moments, the charge transfer
from the nucleophile to the electrophile, the natural atomic
populations over the N2, HI, O3, and Ol atoms, and the
variation of these atomic populations with respect to the RCs
for the TSs of the five studied mechanisms. In mechanisms I-8
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and I-wwm, the O atom of the water molecule is also included.
One can observe that the dipole moment of the TS is quite
large in all cases, a fact which is related to the noticeable charge
transfer between the two fragments. It is also worth mentioning
that the N2 and H1 atoms lose electrons when passing from the
RC to the TS, these electrons being mainly transferred to the
03’ atom, favoring hydrogen bond transfer from N2 to O3". In
contrast, the natural population of the O1 atom barely changes.
For mechanisms I-8 and I-wwm, the electron charge is also
transferred to the O atom of the included water molecule,
emphasizing the role played by this water molecule in the
shuttle mechanism of the hydrogen transfer.

In Solution (Uncatalyzed Reaction). Table 3 is analogous to
Table 1 for the two studied uncatalyzed mechanisms in
solution. As a zwitterionic intermediate (Iz) appears in one of
these mechanisms, this intermediate and the corresponding TS
(TSz) are included in Table 3. The two mechanisms in Table 3
take into account the solvent effect of water using the SMD
method.®® The energy and enthalpy are indicated as E’' and H/,
since the computed energy is obtained by adding free energy of
solvation to gas-phase potential energy surface (PES). This new
E' surface is named, according to statistical mechanics, potential
of mean force.”” In contrast, G is the real free energy as it
contains the free energy of solvation.

The starting points for studying the two mechanisms in
solution are the TS structures of the four- and six-membered ring
mechanism in the ribosome (mechanisms I-4 and I-6). The two
mechanisms in solution are called I-4S and I-6S, respectively,
although the energy values of the RC, PC, and TS are quite similar
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Figure 2. Transition and zwitterionic structures for the uncatalyzed one-step reactions. Relevant distances in A.

Table 4. Dipole Moment (g, in D), Charge Transfer (CT, in au) between Initial Reactants, Relevant Natural Charges (g, in au),
and, in Parentheses, Their Variation with Respect to the Reaction Complexes for the Transition States and Zwitterion of One-

Step Uncatalyzed Mechanisms

mechanism " CT N2

1-4S (TSz) 835 -0.36 —0.71 (0.17)
1-4S (Iz) 10.13 ~0.50 —0.65 (0.23)
1-4S (TS) 15.47 ~0.60 —0.68 (0.20)
1-68 (TS) 1526 ~0.59 —0.69 (0.19)

q
HI1 03’ o1
0.44 (0.06) —0.68 (=0.11) —0.86 (—0.17)
0.46 (0.08) —0.70 (—0.13) —0.93 (—0.24)
0.52 (0.14) —1.01 (—0.44) —0.60 (0.09)
0.52 (0.14) —0.99 (—0.40) —0.63 (0.05)

in both mechanisms, the main difference being the appearance of
an Iz in the I-4S mechanism. The fact that the free energy of the
RC is higher than that of the R had to be expected, as the solvent
does not play the role of an entropy trap.

Figure 2 shows the geometries of the transition structures of
both mechanisms and of the zwitterionic intermediate of
mechanism 1-4S. The dipole moments, the charge transfer from
the nucleophile to the electrophile, the natural atomic populations
over the N2, H1, O3/, and Ol atoms, and the variation of these
atomic populations with respect to the RCs for the TSs of the two
studied mechanisms are presented in Table 4.

If one considers the I-4S (TS) and I-6S (TS) structures, one
can observe that the N2—HI1 hydrogen bond is only 0.02 A
longer than the value corresponding to R, while the C1—-03' is
already notably broken. The hydrogen transfer is produced, in
both mechanisms, through a four-membered ring cycle (as
mentioned above, I-6S is named on the basis of the I-6 (TS)
that we used as starting point for computing the TS in
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solution). Analysis of the eigenvalues of the force constant
matrix shows that it is a true TS since it has only one imaginary
frequency (~200 cm™), and the transition vector corresponds
to the transfer of the H1 atom from N1 to O3 and to the
breaking of the C1—03' bond. When comparing these TSs to
the equivalent one in the ribosome (mechanism I-4 of Figure 1),
one can observe that they are quite different, the hydrogen transfer
being more advanced in the ribosome (O3'—H1 = 1.42 A) than in
solution (O3'—H1 = 1.90 A).

The main difference between Tables 2 and 4 is the dramatic
increase of the dipole moment in solution (uncatalyzed
reaction), which is obviously related to the change of electron
population in the O3’ atom. Figure 2 shows that the TSs in
solution can be considered as formed by two fragments since
the distances C1—03' (2.39 and 2.28 A for 1-4S and I-6S,
respectively) and H1—03' (1.93 and 1.88 A) are quite long.
The net charges over the sugar fragments are very large (—0.84
au for I-6S), in such a way that the TS has an ion-pair (IP)
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character. To better understand this mechanism, one has to
consider the effect of the polarization induced by the solvent
reaction field. In fact, if one computes the dipole moment of I-6S
(TS) in vacuo at the geometry optimized in solution (Figure 2),
the dipole moment diminishes from 15.26 to 10.84 D, showing
the great contribution of the polarization effect. Similar changes
are found in the charge transfer and in the variation of the charges
of the four atoms considered in Table 4. As has already been
mentioned, the calculated energies shown in Table 3 for the
mechanisms in solution were obtained by adding the free energy
of solvation to the gas-phase PES. For the case of mechanism I-68,
it is possible to estimate the value of the activation free energy of
solvation if one subtracts the E’ value of 24.54 kcal/mol from the
potential energy barrier of 36.17 kcal/mol, which was calculated
in vacuo for the geometries optimized in solution. Thus, the free
energy of solvation stabilizes the TS by 11.6 kcal/mol, as expected
given the high value of the TS dipole moment. This stabilization
comes, as usual, from the enthalpy and entropy terms. Given that
the formation of an IP leads to a reorganization of the solvent,
which will be associated with a decrease of entropy, the enthalpy
term will be much greater than 11.6 kcal/mol. The solvent
entropy destabilization of the TS was previously suggested by
Warshel.*®

The most important difference between mechanisms I-4S
and I-6S is the existence of an Iz in the first one. However, it is
worth mentioning that the TSz is only 0.6 kcal/mol higher in
energy than the intermediate, whereas the energy profile
corresponding to the I-6S mechanism presents a sort of shoulder,
with a very slight energy variation in this region of the IRC. To our
knowledge, this is the first time that an Iz is found using a
continuum model. Up to the present, this intermediate had only
been located using a discrete representation of the solvent.”>>*

Let us now consider the zwitterionic stationary point
structures (TSz and Iz). Figure 2 shows that both structures
are close to the reactants, in such a way that the N2—Cl
distances are still quite large (1.84 and 1.65 A for TSz and Iz,
respectively), while the C1—O1 bond lengths are 1.25 and 1.27 A,
respectively. Despite the small increase of the C1-O1 bond
lengths, the Wiberg bond indexes (1.45 and 1.34) show that the
double bond character has notably decreased. One can also
observe in Table 4 that there is a large charge transfer from N2
to the O atoms, especially to the O1 one, in good agreement
with what was expected for a zwitterionic structure.

Due to the presence of this Iz (T+ in the terminology of
Strobel’s group*®**), mechanism 1-4S involves two steps,
although the intermediate is in a very swallow well. Strobel also
proposes a three-step pathway for the uncatalyzed reaction,
involving two tetrahedral intermediates (T+ and T—), but, as
he states, this mechanism is only possible at high pH, which is
not the case studied in our work. As indicated above, the TS we
found rather corresponds to an IP structure.

Two-Step Mechanisms. In the Ribosome. The three
studied two-step mechanisms (II-4, II-6, and II-8) are those
depicted in Scheme 5. It can be observed that the first steps of
mechanisms II-4 and II-6 are the same, the TS being a six-
membered ring in which the H1 atom is transferred from N2 to
02’ while the H1' atom is transferred from O2' to O1. At the
same time there is a nucleophilic attack of N2 to C1 to form the
N2—CI1 bond. The second steps of mechanisms II-4 and II-6
differ in the way the H atom linked to O1 is transferred to O3".
In mechanism II-4 the transfer is done directly through a four-
membered cycle, while in mechanism II-6 the transfer is done
through a six-membered cycle with the intervention of the 2-OH.
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Scheme 5. Schematic Representation of the Three Studied
Two-Step Mechanisms, 1I-4, I1-6, and II-8: (a) First
Transition State, (b) Intermediate, and (c) Second
Transition State
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In the second step of mechanism II-8, the hydrogen transfer
takes place through an eight-membered cycle in which a water
molecule is incorporated. The first step is similar to those of
mechanisms II-4 and II-6, although the six-membered cycle is
slightly perturbed by the presence of the out-of-the-cycle water
molecule.

Table S shows the variation, with respect to those of R, of the
potential energy, the enthalpy, and the Gibbs free energy
corresponding to the RC, transition states TS1 and TS2, the
intermediates between the TSs, Intl and Int2, the PC, and P
for mechanisms II-4, II-6, and II-8. The optimizations were
carried out using the M06-2X functional. For each stationary
point, MP2//MO06-2X calculations were also done. It can be
observed that, in all cases, TS2 lies higher than TS1, both TSs
having the lower energy in mechanism II-8. If one looks at the
values corresponding to the P, one can observe that the
enthalpy and the Gibbs free energy are very similar, implying a
small value of the entropy term, as expected given the presence
of two molecules in the R and P. In contrast, the entropy term
is clearly positive in the complexes, TSs, and intermediates,
since there is now one molecule instead of the two in the R. It
is also worth mentioning that all the processes are exothermic,
the values being very similar for one- and two-step mechanisms,
especially if one compares I-6 and II-6 or I-8 and II-8. In fact, the
small differences between these mechanisms can be attributed to
slight differences in the conformations of the products obtained in
each case. The presence of two intermediates (Intl and Int2) in
Table 5 is due to the methodology we used to obtain them. As
indicated in the Computational Methods, the intermediates Intl
and Int2 were identified through the calculation of the IRC
starting from TS1 and TS2, respectively. In fact, the two
intermediates correspond to different conformers of the same
chemical species. The energy difference between the two
structures is quite small in mechanisms II-6 (—3.47 kcal/mol)
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Table 5. Summary of Energies (kcal/mol) at the M06-2X/6-311+G(d,p) Level of Calculation for the Two-Step Mechanisms®

T$1
R
RC Int1
mechanism energy R RC TS1
1I-4 AE 0.0 —8.27 16.00
(-9.44) (12.93)
AH 0.0 —6.81 13.66
AG 0.0 4.41 30.22
1I-6 AE 0.0 —8.27 16.00
(-9.44) (12.93)
AH 0.0 —6.81 13.66
AG 0.0 4.41 30.22
1I-8 AE 0.0 —12.00 7.60
(—1147) (4.77)
AH 0.0 —10.26 6.15
AG 0.0 3.30 24.39

Ts2
P
Int2
PC
Intl Int2 TS2 PC P
-5.83 10.38 23.09 —20.43 —4.67
(—4.90) (12.15) (23.11) (—21.39) (—5.65)
—4.08 12.12 22.88 —18.76 —4.63
1127 28.62 38.88 -5.38 -5.14
-5.83 —-9.30 24.77 —20.01 —4.41
(~4.90) (~1034) (21.65) (~20381) (~429)
—4.08 —691 21.57 —18.40 —4.26
1127 10.20 3691 -579 —4.05
-9.59 —8.95 13.86 —24.25 —6.48
(-8.31) (—6.98) (15.85) (-23.74) (—4.81)
~7.69 —6.67 1021 —22.56 —6.19
8.04 1047 27.87 -8.18 -5.56

“Values in parentheses correspond to the MP2/6-311+G(d,p)//M06-2X/6-311+G(d,p) level of calculation.

and II-8 (0.64 kcal/mol), but it is surprisingly high (16.21 keal/mol)
in mechanism II-4.

The geometries of the TSs of the three two-step mechanisms
are shown in Figures 3 (mechanisms II-4 and II-6) and §

TS211-6

Ts211-4

Figure 3. Transition state structures for the two-step mechanisms II-4
and II-6. Relevant distances in A.

(mechanism II-8). Schematic representations of the inter-
mediates are shown in Figures 4 (mechanisms II-4 and II-6)
and 6 (mechanism II-8). Figure 3 shows that in the first TS
(common to mechanisms II-4 and II-6) the hydrogen transfer
from O2’ to O1 is much more advanced than the one from N2
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to O2'. It is also shown that the C1—O1 bond already has an
important single-bond character (its bond length having
increased from 1.21 A in the RC to 1.33 A in TSI, the
corresponding Wiberg bond indexes being 1.73 and 1.11,
respectively). The geometry around C1 is already quite
tetrahedral, the sum of the six angles being close to 657°. In
Intl (Figure 4), both H atoms have already been transferred,
accompanied by an increase of the degree of formation of the
C1—N2 bond and an increase of the single-bond character of
the C1—O1 bond (its Wiberg bond index is 0.96).

As has already been mentioned, the second step is different
for mechanisms II-4 and II-6. This step corresponds to the
hydrogen transfer from O1 to O3’ and implies the breaking of
the C1—0O3’ bond. If one compares the TS2 for mechanisms II-
4 and II-6, one can observe that the hydrogen transfer is much
more advanced in mechanism II-6 (the O1—H bond length is
1.17 A) than in mechanism II-4 (O1—H = 0.99 A). The more
advanced hydrogen transfer in mechanism II-6 is accompanied
by an increase of the double-bond character of the C1-O1
bond and a decrease in the degree of formation of the C1-N2
bond. The main difference between mechanisms II-4 and II-6
is that the C3'O3'CIN2 dihedral angle is negative in TS2 of
mechanism II-6 (corresponding to an S chirality, as in the one-
step mechanisms), while it is positive in TS2 of mechanism II-4
(this would lead to R chirality). All these differences between
II-4 and II-6 TS2 structures imply that Int2 intermediates
obtained for the two mechanisms will also differ (see, for
instance, the bond lengths C1-N2, C1-01, and C1-03' in
Figure 4). As in the TS2 structures, the Int2 intermediates of
the two mechanisms have quite different conformations. The
C3'0O3'CIN2 dihedral angle, for instance, is negative for II-6
and positive for II-4. Moreover, the C2'C3'O3'Cl dihedral
angle, which corresponds to the rotation around the C3'—03’
bond, differs by ~150° between the two mechanisms, leading
to completely different conformers. Finally, if one compares
Intl with both Int2 intermediates, one can observe that the
bond lengths in Intl and Int2 are very similar in mechanism
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Figure 4. Schematic representation of the three intermediates of the
II-4 and II-6 mechanisms. Relevant distances in A, and C2'C3'03'C1
dihedral angle in degrees.

II-6, but that important changes exist for mechanism II-4.
Similar conclusions can be obtained from the C3'O3'CIN2 and
C2'C3'03'C1 dihedral angles. These results seem to indicate
that mechanism II-4 can be disregarded, since it is unlikely that
such important conformational changes could take place in the
active center of ribosome.

Let us now consider mechanism II-8 (Figures S and 6). The
first step is very similar to that of mechanisms II-4 and II-6,

T51

T2

Figure 5. Transition state structures for the two-step mechanism II-8.
Relevant distances in A.

since the inclusion of a water molecule provokes only a slight
perturbation of TSI and Intl structures. Regarding the second
step, one can observe that the TS2 structure is similar to the
one of mechanism II-6, the main difference being that the O1—
H bond is less broken while the formation of the O3'—H bond
is more advanced in mechanism II-8 than in mechanism II-6.
Similar conclusions can be obtained from the tetrahedral character
of the C1 atom, from the negative value of the C3'O3'CIN2
dihedral angle, and from the similar values of the C2'C3'0O3'C1
dihedral angles. As in the case of mechanism II-6, Int1 and Int2 of
mechanism II-8 are also very similar, both presenting a tetrahedral
character with S chirality (see Figure 6).

Table 6 presents the dipole moments, the natural atomic
populations over the N2, HI, O3, and Ol atoms, and the
variation of these atomic populations with respect to the RCs
for the TSs and Intl of the three studied mechanisms. For
mechanism II-8, the natural atomic population of the O atom
of the water molecule is also included. One can observe that the
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Figure 6. Schematic representation of the two intermediates of the II-
8 mechanism. Relevant distances in A, and C2'C3'O3'Cl1 dihedral
angle in degrees.

charges over the N2 and HI atoms of the first TS become less
negative and more positive, respectively, and that the negative
charge increases, especially over the O1 atom, in such a way that
the TS1 structures have a zwitterionic character. This zwitterionic
character is a bit less important in the Intl intermediates, since the
electronic transfer to the O1 atom is smaller in them, in good
agreement with the lower value of the dipole moment of the
intermediates. The presence of a zwitterionic TS is in good
agreement with the experimental results of Schmeing et al.'* In the
second step, the N2 atom continues to lose electronic charge, but
now it is the O3’ atom (and also the O atom of the water molecule
in mechanism II-8) that becomes more negative. As this electronic
transfer is accompanied by the breaking of the C1—03’ bond, the
TS2 structures have now an IP character, in a similar way to what
happened for the TSs of the one-step mechanisms.

In Solution (Uncatalyzed Reaction). Table 7 is analogous to
Table S for the two studied uncatalyzed mechanisms in
solution. The starting points for studying the two mechanisms
are the TSs of the four- and six-membered ring mechanisms in
the ribosome (mechanisms II-4 and II-6). These two
mechanisms are called II-4S and II-6S, respectively. An Iz
appears in the first step of both mechanisms. This intermediate
and the corresponding TSz are included in Table 7.

One can observe that the well of the Iz is deeper in the two-step
than in the one-step mechanism, the energy difference between
TSz and Iz being now 1.31 kcal/mol instead of 0.60 kcal/mol
in the I-4S mechanism. The second main difference between
Tables S and 7 is that the IRC from TS2 does not lead to the PC,
as was the case in the two-step mechanism in the ribosome, but to
an IP.

Figure 7 shows the geometries of the four TSs of I1I-4S and
II-6S mechanisms, while the geometries of the Iz and of the
two IPs are presented in Figure 8. Dipole moments (i),
relevant natural charges (q), and their variation with respect to
the RCs for the TSs and intermediates of the two-step
mechanisms in solution are presented in Table 8.

As in the case of the uncatalyzed one-step mechanism,
Figures 7 and 8 show that TSz and Iz are close to reactants,
since the N2—C1 distances are still quite large (1.92 and 1.63 A
for TSz and Iz, respectively), while the C1—O1 bond lengths
are 1.25 and 1.29 A, respectively. Despite the small increase of
the C1—01 bond lengths, the Wiberg bond indexes (1.44 and
1.26) show that the double bond character has notably
decreased. One can also observe in Table 8 that there is a
large charge transfer from N2 to the O atoms, especially to O1,
as expected for a zwitterionic structure.

When one compares Tables 6 and 8, one can observe that
the dipole moments of TSs are much larger in solution than in
the ribosome. This is related to the fact that in TS2 the hydrogen
transfer from O1 to O3’ is less advanced when it is direct
(mechanism II-4S) than when the transfer occurs through the
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Table 6. Dipole Moment (, in D), Relevant Natural Charges (g, in au), and, in Parentheses, Their Variation with Respect to
the Reactant Complexes for the Transition States and Intermediates of the Two-Step Mechanisms

q
stationary point 7 N2 H1 o3’ 01 (]
TS1 11-4, 11-6 4.63 —0.71 (0.15) 0.50 (0.12) —0.67 (—0.09) —0.83 (—0.19)
Intl 1I-4, 11-6 261 —0.75(0.11) 0.49 (0.11) —0.66 (—0.08) —0.78 (—0.14)
TS2 11-4 5.14 —0.61 (0.25) 0.48 (0.10) —0.96 (—0.38) —0.75 (—0.11)
TS2 11-6 2.50 —0.65 (0.21) 0.52(0.14) —0.85(—0.27) —0.79 (—0.15)
TS1 II-8 3.54 —0.75 (0.15) 0.50 (0.11) —0.67 (—0.08) —0.82 (—0.16) —0.98 (—0.01)
Intl II-8 226 —0.78 (0.12) 0.50 (0.11) —0.68 (—0.09) —0.78 (—0.12) —0.97 (0.00)
TS2 11-8 5.02 —0.64 (0.26) 0.52 (0.13) —0.87 (—0.28) —0.75 (—0.09) —1.09 (-0.12)

Table 7. Summary of Energies (kcal/mol) at the M06-2X/6-311+G(d,p) Level of Calculation for the II-4S and II-6S

Mechanisms”

mechanism energyb R RC TSz Iz

11-4S AE' 0.0 -7.10 7.03 5.72
(-8.20) (6.62) (4.26)

AH' 0.0 —-5.90 791 7.71

AG 0.0 4.61 21.60 2142

11-6S AE' 0.0 -7.10 7.03 5.72
(-8.20) (6.62) (4.26)

AH' 0.0 —-5.90 791 7.71

AG 0.0 4.61 21.60 2142

TS2
IP
In2

TS1 Intl Int2 TS2 1P

13.33 —0.16 0.83 21.93 17.18
(10.21) (-1.04) (—0.35) (20.91) (16.20)

13.19 1.74 3.26 22.33 17.59

28.70 15.51 18.08 35.95 29.22

13.33 —0.16 —6.04 22.86 19.32
(10.21) (-1.04) (—7.49) (22.14) (19.41)

13.19 1.74 -3.70 22.72 19.02

28.70 15.51 11.7§ 37.44 29.18

“Values in parentheses correspond to the MP2/6-311+G(d,p)//M06-2X/6-311+G(d,p) level of calculation. ®The values of E’ are calculated by
adding the terms of solvation free energy to the gas-phase PES. Thermodynamic corrections to obtain H' and G are computed in the modified

surface.

02-H (mechanism II-6S). Analysis of the components of the
transition vector shows that hydrogen transfer does not
participate in the reaction coordinate, which corresponds mainly
to the heterolytic breaking of the C1—03’ bond, leading to the
formation of an IP. Regarding TS1, the increase of the dipole
moment is due to the fact that hydrogen transfer from O2'to O1
is more advanced in solution than in the ribosome, while the
opposite is true for the transfer from the N2 to 02’ (see Figures
3 and 7).

Let us now consider the IPs found in mechanisms II-4S and
II-6S. Figure 8 shows the existence of two fragments as a
consequence of the heterolytic breaking of the C1—03' (the
distance between these two atoms being 2.90 and 3.37 A for II-
4S and II-6S, respectively). However, in both cases a hydrogen
bond is formed between the two fragments, the O1—H---O2’
hydrogen bond in the II-6S mechanism being stronger than the
other one. As expected, Table 8 shows that the dipole moments
of these two species are very large. These values can be mainly
attributed to the charge transfer from the N2 atom to the O3’
atom. The IP character is confirmed by the charge over the two
fragments, which is 0.96 for II-4S and 0.87 for II-6S.

Finally, schematic representations of the Intl and Int2
intermediates can be found in the Supporting Information,
since the comments on these stationary points would be very
similar to those corresponding to the equivalent intermediates
of the two-step mechanisms in ribosome (Figure 4).
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B DISCUSSION AND CONCLUSIONS

As stated above, two different kinds of mechanisms have been
considered. In the one-step mechanisms, nucleophilic attack of
the N atom to the carboxylic C atom is accompanied by the
transfer of a H atom to the C—O oxygen atom of the carboxylic
group. For the two-step mechanisms, the H atom is first
transferred to the C=O oxygen atom of the carboxylic group,
and, in a second step, the transfer to the other O atom is
produced. In the latter mechanism it is found (see Table S) that
the highest energy transition structure is the one corresponding
to the second step (TS2) and that the TSl and the
intermediate have some zwitterionic character. If one compares
the TS2 with the transition structures of the one-step
mechanisms, one can observe that, in both cases, the heterolytic
breaking of the C1—O3' bond is quite advanced, while the
hydrogen transfer is only at an initial stage, such that the two
transition structures have some IP character. Despite this
similarity, comparison of Figures 1, 3, and S shows that the
C1-01 bond has a greater single-bond character and that the
C1-N2 bond is more formed in TS2 than in TS. It is worth
mentioning that the Iz suggested by some authors (see Scheme 1)
has never been found for the reaction in the ribosome, neither
in the computed IRCs nor when appropriate regions of the
PES have been explored. In contrast, an Iz does appear at the
beginning of the process when the uncatalyzed reactions in
solution is considered. These intermediates are not relevant
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e
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Figure 7. Transition state structures for the two-step mechanisms II-
4S and II-6S. Relevant distances in A.

-
Wb 1P 11-65

Figure 8. Structures of the zwitterionic and ion-pair intermediates of
the II-4S and II-6S mechanisms. Relevant distances in A.

from a kinetic point of view, since the rate-limiting step is the
heterolytic breaking of the C1—0O3’ bond, which is accom-
panied by the transfer of one proton to O3’, this proton coming
from N2 in the one-step mechanism and from O1 in the two-
step one. It is also interesting to emphasize that one important
effect of the solvent is to affect the relative extent of bond
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breaking and bond formation, such that the C—O bond
dissociation, for instance, is much more advanced in solution,
while the proton transfer from N2 to O3’ is noticeably delayed.

The TSs of the four-membered ring mechanisms (I-4 and
I1-4) computed in this paper at the M06-2X level of calculation
(Tables 1 and S) are slightly lower in energy than those
previously found by Yonath’s group®®® and Wang et al,* both
computed at the B3LYP level, for mechanisms I-4 and II-4,
respectively. Our results for mechanism I-6 (Table 1) are also
slightly lower than the B3LYP ones of Wallin et al.®® This
shuttle mechanism was expected to be more favorable than
mechanism I-4."¥%*° However, the results in Table 1 show that
this is not the case, mechanism I-4 having a smaller energy
barrier. This has also been found by Thirumoorthy et al.** at
the HF/3-21G level of calculation. To our knowledge, the two-
step six-membered ring mechanism, II-6, has never been
studied by other authors. In this work, it was found that this
shuttle mechanism is again less favorable than the II-4 one. In
contrast, the introduction of one water molecule in I-6 and II-6
mechanisms, which allows the formation of eight-membered
ring structures (mechanisms I-8 and II-8), leads to a dramatic
diminution of the energy barriers. This can be attributed to the
fact that the water molecule increases the flexibility of the
system. The role of bound water in catalytic actions was
recently emphasized by Ball.”®> For mechanism I-6 (Table 1), it
was also found that the introduction of one methanol molecule
(modeling the 2-OH group of A2451) and one water molecule,
with the aim of stabilizing the Iz, lowers the energy barrier by
~5 kcal/mol. Nevertheless, this lowering of the energy barrier
is not associated with the stabilization of the zwitterionic
structure, as the C1—O1 bond keeps its double-bond character.
Given that mechanism I-8 is clearly more favorable than
mechanism I-6, we decided to investigate the effect of introducing
one methanol molecule and one water molecule. This leads to
mechanism I-wwm which, again, presents a dramatic lowering of
the energy barrier, such that it becomes the most favorable one-
step mechanism. It has to be emphasized that the nature of I-
wwm mechanism is different from the other ones and has never
been considered before. In this case, the transfer of the H atom
from N1 to O3’ is done through a water molecule without the
intervention of 2-OH, this hydroxyl having now the mission of
anchoring the reactants and activating the water molecule which is
acting in the hydrogen transfer.

The main goal of this theoretical work was to get a deeper
insight into the mechanism of peptide bond formation in the
ribosome. However, one has to be conscious of the methodo-
logical limitations which are inherent in QM studies of complex
systems. The first limitation is due to the need to use a reduced
model of the real system. At the same time, the effect of
environment in the chemical processes is not introduced. This
implies that the system is allowed to be more flexible than it really
is, since the constraints due to the physical environment are not
taken into account. Moreover, the electrostatic embedding, due to
the electrical field created by the enzyme, is also not considered,
whereas it is well known that the changes of the pK.’s of ionizable
groups in enzymes are directly related to the electrostatic field.”® In
particular, it was recently emphasized that charge states of the
nucleobases of RNA enzymes make important catalytic
contributions to ribozyme activity.”’

Despite these unavoidable limitations, QM studies permit us
to get a better understanding of experimental results. The studZ of
several structures which are analogues to the TS led Steitz'*'> to
conclude that the mechanism of peptide synthesis in the ribosome
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Table 8. Dipole Moments (g, in D), Relevant Natural Charges (g, in au), and, in Parentheses, Their Variation with Respect to
the Reactant Complexes for the Transition States and Intermediates of the Two-Step Mechanisms in Solution

stationary point " N2

TSz 11-4S, 11-6S 3.85 —0.75 (0.14)
Iz 11-4S, 11-6S 6.58 —0.66 (0.23)
TS1 I1-4S, I1-6S 8.76 —0.70 (0.19)
Int1 I1-4S, I1-6S 293 —-0.77 (0.12)
TS2 11-48 7.83 —0.64 (0.25)
TS2 1I-6S 891 —0.61 (0.28)
IP 11-4S 13.07 —0.57 (0.32)
IP 1I-6S 14.66 —0.56 (0.33)

q
H1 03’ 0l

0.44 (0.06) —0.67 (—0.08) —0.85 (—0.17)
0.47 (0.09) —0.69 (—0.10) —0.94 (—0.26)
0.50 (0.12) —0.67 (—0.08) —0.83 (—0.15)
0.52 (0.14) —0.67 (—0.08) —0.79 (—0.11)
0.51 (0.13) —0.94 (—0.35) —0.71 (—0.03)
0.52 (0.14) —0.99 (—0.40) —0.75 (—0.07)
0.51(0.13) —1.06 (—0.47) —0.65 (0.03)

0.52 (0.14) —1.09 (-0.50) —0.69 (—0.01)

goes through zwitterionic tetrahedral stationary points. Our results
question this conclusion. In fact, the transition structures of the
one-step mechanisms have some tetrahedral character, but they
are rather IPs than zwitterions. In the case of the two-step
mechanisms, it is true that the first TS has both tetrahedral and
zwitterionic character, but, as shown in Table 5, the highest energy
barrier corresponds to the second TS, this one presenting again an
IP character. So, the structure of analogues does not always allow
researchers to reach definite conclusions since, as recently stated, it
is important to take into account both the geometry similarity and
the charge balance.”® Schmeing et al."> suggested the participation
of a second crystallographic water molecule linked to A2602 and
U2584 as an oxyanion hole in a zwitterionic structure. However, a
very recent paper'® argues from experimental data that the
stabilization of the transition structure due to the water molecule is
quite small. In fact, this zwitterionic structure was not identified in
our work, seeming to confirm that the second water molecule is
playing a minor role. Two experimental techniques also question
the existence of an Iz if the process takes place in the ribosome.
The first considers the slope of Brensted linear free energy
relationships, which is close to zero in the ribosome and close to
one in solution.*”*" The second technique is the measurement of
the kinetic isotope effect (KIE) on the N2 atom, which is normal
in the ribosome, while it is inverse in ester aminolysis reactions in
solution.*”** Both techniques suggest that the nitrogen
deprotonation occurs simultaneously with the formation of the
C—N bond. Our results give theoretical support to this
experimental interpretation.

A second point to be discussed is the role played by the
proton shuttle mechanism. As mentioned in the Introduction,
Weinger et al.®® reported experimental evidence that this
shuttle mechanism has an important participation in the
catalytic process. Their opinion was supported by the works of
other authors.">**”>* However, the proton shuttle mechanism
was questioned by Sprinzl.*"** In a more recent paper, Green
and Strobel’s group™ found that the kinetic contribution of the
2"-OH group to the catalysis is significantly smaller than they
had previously obtained.”® These new findings reconcile the
conflict in the literature and support a model where interactions
between active site residues and the 2-OH are pivotal in
orienting substrates in the active site for optimal catalysis. Our
theoretical calculations clearly confirm these recent exper-
imental works. As shown in Tables 1 and 3, the proton shuttle
is not efficient in the six-membered ring mechanism, probably
due to the rigidity of the sugar fragment. As previously stated
by Steitz,'> our work shows that the presence of a
crystallographic water molecule, linked to A2451 and other
ligands of ribosome, makes the shuttle mechanism efficient
through the formation of an eight-membered ring cycle. A very
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recent paper on solvent isotope effects and proton inventories
concludes that the rate-limiting step is the formation of three
hydrogen bonds with about equal contributions, consistent with
our scenario of a concerted eight-membered proton shuttle in
the TS.* It would be interesting to do a similar study on the
uncatalyzed reaction, since this would allow us to conclude on
the possible intervention of water molecules on the proton
transfer process. Some experimental studies®* " also suggested
that the 2-OH group of A2451 plays an important role in the
shuttle process. This fact was interpreted®® through the
induction of a best-adapted conformation of the sugar. Our
work confirms this interpretation, but it also suggests that this
2"-OH group activates the proton donor character of the 2-OH
of A76 (mechanism I6-wm). Besides, in the proposed
mechanism I-wwm, it has been shown that proton shuttling
can also take place via a water molecule, which is activated by a
chain process with intervention of both 2-OH. This gives
theoretical support to the recently proposed® pivotal
intervention of the 2-OH group.

A final point deserves to be discussed. Through the observation
of isotope effects,””™** the small slope of the Brensted linear free
energy relationships,‘w’41 and several kinetic studies,** ™! it has
been shown that the mechanisms are very different in the
ribosome and in solution. In particular, Hiller et al.** analyzed the
KIE at five positions and concluded that, in contrast to the
uncatalyzed reaction,® both the formation of the tetrahedral
intermediate and the proton transfer from the nucleophilic
nitrogen occur in the rate-limiting step. Given that the KIE at O1
has not been determined in the ribosome, let us consider the effect
at O3’ which is 1.029 in the uncatalyzed reaction and 1.006 in the
reaction catalyzed by the ribosome. From these two values they
conclude that the C—O bond dissociation is advanced in solution,
while it is not significant in the ribosome. Our results show that
the C—O bond dissociation is much more advanced in solution,
but they also show that it is not negligible in the ribosome (see the
geometries of TS in Figure 1 and of TS2 in Figures 3 and S). The
reason is that there is another factor that has to be taken into
account to interpret the KIE values: the formation of the O3-H
bond, which, in contrast, is more advanced in the ribosome. The
driving force for the formation of the O3-H bond is that the
heterolytic breaking of the C—O bond increases the basicity of O3’
and the acidity of N2, this driving force being diminished by the
solvent reaction field. It is also worth mentioning that our
calculations indicate that the one-step mechanisms in solution
(I-4S and I-6S) present, indeed, a high increase of the dipole
moment (see Table 4), which can be in part attributed to reaction
field polarization effects. In fact, the reaction in solution can be
assimilated to an Sy2 process between two neutral molecules,
which is similar to the Mentschutkin reaction, although, in our case,
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the final products will also be neutral since a proton will be
transferred from one fragment to the other. Furthermore, the high
dipole moment of the TS will lead to an important reorganization
of the solvent, which will imply a diminution of entropy, in good
agreement with the increase of the entropy term (—TAS)
proposed by Sharma et al.*’

However, as we previously mentioned, the simplified model
used in our calculations does not take into account the real role
played by the ribosome as an entropy trap (orienting and
positioning substrates), this fact leading to a positive value of
the AG of formation of the RC. The introduction of the
surrounding effects (mechanical and electrical embedding)
played by the ribosome would need hybrid QM/MM
calculations, but this is quite difficult for our system. On one
side, the MM methodology is not yet well developed for RNA
systems.””'*" Furthermore, the calculation of free energy sur-
faces would require a semiempirical method able to accurately
reproduce the ab initio results obtained in this work. Another
difficulty is that one would have to know, from solvent isotope
effects,® if it is necessary to introduce water molecules in the
QM subsystem for the study of peptide bond formation in
solution. At present, this is beyond the scope of this work.

Despite the simplified model used in this paper, it permits us
to advance in the understanding of the unsolved puzzle of the
mechanism of peptide synthesis in the ribosome. Three main
points suggested in this work deserve to be deeply analyzed.
First, a zwitterionic transition structure is identified in two-step
mechanisms, but no zwitterionic intermediates are found when
the reaction takes place in the ribosome. Second, the proton
shuttle mechanism is suggested to be efficient only through the
participation of the A2451 2-OH and two crystallographic water
molecules. Finally, the mechanisms in solution and in ribosome
are very different, this difference helping to understand the reason
that is at the origin of the efficient catalytic role played by the

ribosome.
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